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40-Tho  divor  Andlblo  Rocall  Dovice  (A.R.O.)  It  •  tolf-^ontolnod  tRall  oxplotlvo  dovico  dotignod 
with  a  6-6  toe  dolay  futo  Ignitod  by  pulling  o  lanyard.  It  It  wolghtod  by  both  tand  and  load 
ihot,  allowing  detonation  approxittatoly  3a  (9.8  ft;  undarwater.  At  a  dittanco  of  7*  (22.9  ft) 
froai  tho  dovico,  detonating  at  3*  (9.8  ft)  underwator.  the  peak  tound  protturo  level  (SPL)  It 
185.5  dB  (re  20  uPa)  In-wator.  ogulvalont  to  5.44  pt 1 .  With  a  explosion  duratlun  of  1.0  nsec, 
tho  lapulto  It  2  ptioflitoc.  Five  U.S.  Navy  divert  wore  exposed  to  this  R.a.O.  at  a  peak  SPL  of 
186.2  dB  (re  20  «Pa)  In-water,  emivalent  to  ar  In-al r  value  of  151.2  d8,  which  1$  11.2  dB  over 
the  current  140  dB  safe  exposure  Unit  for  Inpul  to  noise,  In-ajr.  established  by  OPNAVINST 
5100. 23B  [18103a(4)].  Jig  reduction  In  hearing  sensitivity  In  all  *'1ve  dlver-iubjects  was  obterv# 


••Ive  dlver-iubjects  was  obtervao 
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20.  (Continued) 

•t  doMonstretod  by  Qfl  tonporery  threshold  shifts  (TTS)  In  their  eudloprans.  The  Isipulse  ues 
described  is  very  loud,  but  not  uncoeiferteble.  With  the  frequency  of  the  A.R.O.  Inpulse  being 
200-300  Hs,  there  «ms  no  deeMpe  to  the  lungs  or  gestrolntestlnel  tr^ct  which  would  neve  been 
espected  it  lower  frequencies  around  50  Ha  with  higher  Impulse  levels  above  10  psleeisec.  The 
A.R.O.  was  reliably  heani  by  all  five  divers  as  far  away  as  1006ei  (1100  v-ds)  at  a  depth  of  3.0n 
(10  ft)  In  4. la  (30  ft'  of  water.  However,  due  to  severe  shrapnel  risk  froai  the  casing, 
end-cap,  and  from  lead  shot  and  sand  used  as  ballast,  the  A.R.O.  was  determined  to  be 
haiardous.'' 
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ABaisAa 


Th«  diTtr  AudlM*  DctIc*  (A.B.D.)  Is  s  a«lf-conc«lnc(!  snail 

axploslTS  dsTics  daslgnsd  with  a  6.6  sac  daisy  fuse  ifnlcad  by  pulllnt  a 
lanyard.  It  is  vaightad  by  both  sand  and  laad  shot,  al losing  datonatlou 
approxinataly  3b  (9.8  ft)  tmdanratar.  At  a  dlatanca  of  7m  (22.9  ft)  froM  tha 
dOTica,  datonatlng  at  3b  (9.8  ft)  'mdarvatar,  th^  peak  sound  pressure  level 
(SPL)  Is  185.3  dB  (re  20  uPa)  in-watar.  equivalent  to  5.44  pel.  With  a 
explosion  duration  of  1.0  Msec,  the  Impulse  la  2  pslemeac.  Five  U.S.  Ifavy 
divers  vere  exposed  to  this  A.B.D.  at  a  peak  SPL  of  186.2  dS  (re  20  uPa) 
in-vatar.  equivalent  to  an  In-alr  value  of  151.2  dB,  which  Is  11.2  dB  over  the 
current  140  dB  safe  expo^iure  llnlt  for  lBpulae  noise,  In-alr .  eitabliuhed  by 
CPRAVIIfST  5100. 23B  [lS103a(4)] .  Bq  reduction  In  hearing  sei  sltlvlty  in  all 
five  dlver-aubjecta  was  observed  as  deaonstrated  by  Qp  temporary  threshold 
shifts  (TTS)  In  their  a'vVlloiraBS.  Tho  Impulse  was  described  as  very  loud,  but 
not  unconfortable.  With  the  frequency  of  tha  A.B.D.  Inpr lae  being  200-300  Hz, 
there  was  no  damage  to  the  lungs  or  gastrointestinal  tract  which  would  have 
been  exp«>ctad  at  lower  frequencies  around  50  Hz  with  higher  lapulee  levels 
above  10  psl*iasec.  Tha  A.B.D.  was  reliably  heard  by  all  five  divers  as  far 
away  as  1006b  (1100  yds)  at  a  deptli  of  3.0b  (10  ft)  In  9.1b  (30  ft)  of  water. 
However,  due  to  severe  shrapnel  risk  fron  the  casing,  end-cap,  and  from  lead 
shot  and  sand  used  as  ballast,  thn  A.B.D.  was  determined  to  be  hazardous. 
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LT  J.  A.  St*rb«,  MC,  USSR 


1.  imonaciiQB  | 

A.  of  Ijipttla*  Hola*  jO  DlTara*  Hoarin# 

Tho  Rary  Experiaantal  Dlvlnt  Unit  (URDU)  haa  been  caaked  by  Ifarai  Saa 
Syataaui  Cooaand  (RAVSBA)  to  taat  end  araluate  tha  direr  Atidlble  Recall  Device 
(A.R.D.)  for  aafaty,  aaae  of  uaa,  and  genera]  uaer  acceptability  (1).  The 
Ifary  Surface  Weapon  Center  (RSWC)  haa  recently  conducted  vary  favorable 
preliminary  field  teatlng  of  the  A.R.D.  compared  to  tha  cur.rentl>  uaed  H~80 
firecracker.  In  addition,  RSWC  haa  alao  auccarafully  completed  laboratory 
aafaty  toating  on  the  A.R.D.  (?).  However,  tha  A.R.D.  ia  an  Impulae  noiae 
producing  undervater  ajiploaive  device  which  may  ba  hasardcua  to  tha  diver 'a 
Intantml  organa  aueh  at  the  inner  ear  hearieg  orga',  known  aa  tha  cochlea,  tha 
lunga  and  tha  gaatrointaatinal  ayatam.  HBDO  haa  recently  completed  the  firat 
human  diving  medical  reaaarch  pro J act  on  tha  affact  of  undervater  impulae 
noiae  on  divara*  hearing  uaing  a  gun-powder  actuated  undervater  tool  (3). 

According  to  U.S.  Ravy  aafa  axpoaura  limita  for  impulae  noiae  (4),  divara 

tolerated  elightly  greater  than  10  decibala  (dB)  above  the  aafe  ezpoaure  limit 

of  impulaa  noiae  without  any  reduction  In  hearing  aenaitivlty.  Tha  divara* 

hearing  waa  acaeaaed  by  atandard  audiometry  with  a  reduction  in  hearing  1 

aenaitivlty  being  defined  sa  a  teaiporary  threahold  ahift  of  15  dB  or  greater 

on  their  aodiograma. 

For  a  complete  evaluation  of  the  effect  of  the  A.R.D.  on  hearing,  not 
only  waa  the  overall  aotmd  preaaura  level  (SPL)  of  the  A.R.D.  needed,  the 
frequency  apectrum  of  tlie  underwater  iaqpulaa  noiae  vae  alao  important.  By 
thia  analyaia  during  unmanned  teating  wa  were  able  to  predict  at  which 
frequenciaa  hearing  damage  might  occur.  Furthermore,  we  could  predict  whether 
there  might  be  any  pulmonary  or  gaatr.  Inteatinal  injury  relying  on  both  manned 
and  unmanned  reaaarch  on  aafe  diatancea  from  an  undarvate  bleat  (5,  6). 

According  to  RSWC  (2)  the  H-tO  firecracker  haa  uno rficlally  been  uaed 
by  the  Sea  Air  Land  (SKAL)  divere  to  acouatically  recall  divers.  However,  the 
M-80  la  difficult  to  uae,  ia  very  vareliable  and  haa  aafety  and  adminlatratlve 
problema.  The  propoaed  replacement,  the  A.R.D.,  la  a  hand-hexd  exploaive 
devica  uaing  a  6.6  aec  dalay  fuae  activated  by  pulling  a  lanyard.  Thia  gives 
ample  time  to  throw  the  device  overboard  into  the  water.  The  A.R.D.  ia 
weighted  by  both  aaud  axul  lead  ahot  tllovlrg  it  to  aink  to  approximately  ten 
feet  before  exploaion  underwater. 

The  A.R.D.  la  produced  by  Propellex  Corporation  (Edvardaville ,  IL)  and 
waa  recently  field  teated  by  the  Raval  Surtace  Weapons  Center,  White  Oak 
Laboratory,  Silver  Spring,  HD  (2).  Although  no  underwater  acoustic 


1 


I 

1 

I 


mejiaiirffmenv «  vn.rc  reported,  the  A.R.I).  was  noted  by  SEAL  dl ver-s\ibJeots  to  bo 
louder  and  more  easily  heard  from  200  to  AOO  yards  compared  to  thr  M-80. 

Closer  than  200  yards,  the  M-SO  was  observed  to  be  louder.  It  vas  proponed  by 

WSWC  that  due  to  the  A.R.D.s  Ion*  duration  Impulse  rompared  to  the  short  spike 

Impulse  of  the  M-80,  the  A.R.D.s  signal  could  carry  further  urd er water . 

An  International  literature  search  using  Index  Medicua,  the  Undersea 
and  Hyperbaric  Medical  Society  and  the  Military  National  Technical  In  format  ion 
System  failed  to  uncover  any  research  on  the  effects  of  the  M--80  firecracker 
on  diver's  hearing  or  causing  any  injury.  Anecdotal  reports  though  have 
demonstrated  that  the  M-80  can  cause  severe  soft  tissue  damage  if  explosions 
occur  while  the  M-80  is  ‘'and  held. 


In  field  tea  ng  at  NSWC  and  recently  at  NBDU  during  offshore  diving 
operations,  there  were  no  reports  of  the  A.R.D,  producing  an  uncomfortably 
loud  explosion.  Furthermore,  there  were  no  complaints  of  ringing  of  the  ears 
(tinnitia),  fullness  or  pain  in  the  ears  or  any  subjective  reduction  in 
hearing  related  tc  the  use  of  the  A.R.D. 


According  to  current  U.S.  Navy  Instructions  (4),  the  safe  exposure 
limit  to  impulse  noise  is  140  dB  which  is  an  In-alr  value  referenced  to  20 
micro  paacals  (re  20  uPa).  Aa  explained  in  detail  in  the  Methods  Section  B, 
140  dB  In-alr  la  equivalent  to  17^  dB  In-vater  (re  20  uPa)  The  objectives  of 
this  project  were  to:  (1)  determine  by  iinaanned  testing,  the  distance  from 
tl..;  A.R.D.  that  will  produce  the  safe  exposure  limit  of  17.S  dB  In-water  (re  20 
uPa);  (2)  expose  dlver-aubjecta  to  the  A.R.D.  at  this  predetermined  dl.««tance; 
(3)  determine  if  there  is  any  reduction  in  the  divers'  hearing  r-ensitivity  as 
measured  by  audiometry  following  exposure  to  the  A.R.D.  Any  ch'.i.ge  of  15  aB 
or  greater  will  be  defined  as  a  significant  temporary  threshold  shift  (TTS); 
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determine,  off-shore,  the  maximum  distance  where  all  divers  can  reliably  hear 
the  A.'^.C.  To  represent  the  noisiest  and  moat  acoustically  muffled  oituation, 
divers  breathed  from  SCUBA  and  wore  either  «  'A"  or  3/16"  thick  neoprene  hood. 
The  degree  of  thickness  of  this  wet  suit  hood  does  not  affect  the  acoustic 
protection  of  the  diver  (3).  The  suit  hood  must  completely  cover  the  exposed 
forehead,  thus  limiting  bone  conduction  of  the  underwater  noise  to  allow  5-10 
dB  of  acoustic  protection  (3). 


B.  Evaluation  of  Shrapnel  Risk  from  the  A.R.D. 


Although  NSWC  has  found  nc  evidence  for  a  risk  from  the  lead  shot  in 
the  A.R.D.  acting  as  shrapnel,  both  surface  and  underwater  tests  were 
conducted  at  NEDU  assessing  this  possible  shrapnel  risk.  With  a  considerable 
amount  of  varloi«8  materlali  surrounding  the  gun  powder  charge  such  as  plastic, 
hardened  glue,  cardboard,  rubber  tubing  as  well  as  adjacent  sand  and  lead 
dhot,  extreme  caution  vaa  used  while  testing  the  A.R.D.  out  of  water. 


Th«  A.B.D.  alnka  to  •pprorzlmataly  tan  faat  mdarvatar  dua  to  tr  balnf 
natatiraly  buoyant  frooi  l>oth  aand  and  la^d  ahot.  According  to  th  <  etigi  nearing 
achcaiatlc  diagrau  (llg.  4,  rafaranca  7),  the  prlaar  and  audible  output 
cunaiatlng  ot'  piatol  gun  povdar  doaa  not  hare  ai^  aand  or  lead  ahot 
liaaaillataly  aurroundlng  tha  axploalva  end  of  the  A.S.D.  RovaT«r,  the  aand  and 
laad  ahot  doaa  aurround  tha  adjacent  Internal  tube  containing  the  ..u.ie 
aaaaably  vhlch  axtanda  right  up  to  tha  gun  powder  charge.  Aeaua^ng  that  the 
aotploaion  night  traral  the  path  of  laaat  raaiatance,  it  vac  predlct..d  that  the 
axploaion  night  traTal  into  tha  fuaa  aaaanbly  and  cauae  aand  and  ahot  tc  be 
propelled  out  laterally  aa  ahrapnal.  thia  ahrapnel  could  be  a  ali^nlficent 
riak  to  aurfaca  pcraonnal  aa  wall  at  tha  inflatable  boata  uaad  by  aome  dlrars 
and  to  dirara  doaa  to  an  A.S.D.  exploding  undaivetar.  rherefore,  the  A.k.D. 
vaa  taatad  on  dry  land  and  underwater  under  t^  ^  aupanriaion  ot  Exploalva 
Ordnance  Diopoaal  (EOD)  peracnnel  at  the  SOD  Teat  Bange  near  H£DU. 

II.  KBTHQDS 

A.  Tr^nannad  and  Manned  Y  aluatlon  of  tha  Bffacta  of  the  A.B.D.  on  Divera' 

Bearing 

The  Bavfl  Coaatal  Syatena  Center  (HCSC)  in  Panaaa  City,  PL  pemitted 
use  of  the  Acoustic  last  Facility  (ATF)  for  both  unnanned  and  nanned  teating 
of  tha  A.B.D.  The  A.T.F.  ia  a  d.ln  (20  ft)  dacp  fraah  watar  pond  at  23.8*C 
(75*r)  water  taRperature  with  a  centrally  placed  pool  liner  allowing  both 
filtration  and  chlorination  of  the  acoustic  tast  pool  area.  The  gantry  and 
walkways  ware  atructur.*lly  outaida  cha  pool  arts  reducing  noise  artifact.  lu 
both  nntaaimad  and  Mamed  testing  of  tha  A.B.D.,  one  wide  band  tourmaline 
hydrophone  was  uaad  to  record  the  lioulsc  on  e  magentic  floppy  diak.  A 
Celeaco  kydrophone  (Model  LC-IC,  Cenoge  Perk,  CA)  wee  ueed  to  trigger  the 
recordix^  equipeient.  During  manned  testing,  these  microphones  were  adjacent 
to  tha  diyars*  head,  away  from  any  axhalad  bubblaa.  The  srL  was  lomiediataly 
measured  and  frequency  apactral  analysis  was  performed  by  storing  tha  waraform 
of  tha  ii^ulsa  on  a  storage  oacilloscopa  (Rlcolat  Modal  4094,  Madison,  VI). 
This  frequency  information  was  later  anelyaed  by  transferring  the  Ificolet 
floppy  diaJc  date  to  a  Hewlett  FeeJeard  computer  (Model  32C ,  Corvellia,  OB)  and 
by  using  a  WayaTak  Function  Generator  (Nodal  275,  San  Diego,  CA).  The 
frequency  spectral  analysis  waa  genaratad  by  fast  fourier  tranafonattion  (FIT) 
using  a  Hewlett  Packard  (Model  HP  3561A)  Signal  Analyzer.  The  purpose  of  such 
rigorous  frequency  analysis  was  tc  determine  any  high  SPL  frequency  peaks  to 
help  anticipate  any  effects  on  hearing  aa  determined  by  audlometrlc  teating. 

All  A.B.D.a  were  exploded  c.t  the  same  depth  being  held  constant  at  4m 
(13.1  ft)  by  weighted  lines  to  acoustically  avoid  the  thermocline  at 
appro^claately  3m  (9.8  ft).  Hydrophonea  and  the  divers'  heads  were  also 
maintalnad  at  a  constant  depth  of  4m  (13.1  ft).  Due  to  the  initial  long 
distan  a  (19n,  62.3  ft)  from  the  exploding  A.B.D.a,  the  A.B.D.o  ware  fired 
outside  the  pool  liner  in  the  pend  water,  with  the  dlvet  Inalde  pool 
liner.  Pralimlnary  tests  verified  that  the  pool  liner  did  not  alter  the  SPL 
or  the  frequency  spectral  anal'sla  of  these  shuts.  Furthermore,  orientation 
of  the  A.B.D.  underwater  did  not  influence  peak  SPL  or  frequency  spectrum  of 
the  A.B.D.  impulae. 
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FIt*  U.S.  It»ry  dir«ra  vtth  ages  ranging  froM  26  to  36  vara  uaad 

as  subja.:ts  following  audlological  scraaning  and  glrlng  infomad  conaent .  All 
flTs  had  racantly  coapleted  anothar  acoustic  study  in  which  each  direr 
dcsonstratad  highly  raproducibla  audiograaui  and  haaring  in  the  nonaal  range  of 
aansitlrlty.  Prior  to  this  study,  a  fatiguer  stimilus  test  (8)  was  perforaed 
on  the  left  aar  of  each  subject  to  screen  for  the  degree  of  hearing 
ssnsitirity  to  Impulse  nolaa.  The  fatlguar  teat  is  a  5  ain  exi>OBure  to  a  3 
kHs  stlaulus  at  100  dB  with  a  coaparison  of  the  pra-axpoaure  hearing  threshold 
to  any  temporary  threshold  shift  (TTS)  in  the  audiciraa  seen  at  one  half 
octars  higher  then  3  kHx,  i.e.  4  kHx  at  both  one  and  fire  alnutes  after  the  3 
kflg  stiauluB  (8).  Four  kHz  (4000  Hz)  is  the  frequency  where  the  Baxlaua 
reduction  in  haaring  aensitivity  would  be  axpactad  from  broadband  iapulse 
noiaa . 


B.  Neaaurecant  of  Sound  Underwater 

Sotmd  is  aeaaured  with  sound  pressure  leral  (SPL)  aaaaured  in  decibels 
(d3).  SPL  is  actually  a  logarithaic  ratio  of  the  msasursd  sound  pressure  (Pm) 
divided  by  reference  sjtmd  pressure  (Pref)  in  equation  [1]. 

SPL(dB)  -  20  log  (Pm/Pref)  [1] 

In  air,  Pref  is  20  micropaacals  (20  uPa)  sound  pressure  which  is  also 
equivalant  to  0.0002  clyne/cm'’  sound  pressure.  In  water,  :he  usual  reference 
is  1  tiPa  sound  pressure.  However,  with  only  air  impulse  noise  research  and 
standards  to  follow  due  to  a  laclc  of  research  in  underwater  impulse  noise,  our 
underwater  SPLa  wars  referenced  to  20  uPa  (re  20  uPa)  based  on  20  z  log  (20/1) 
-  26  dB,  in  equation  [2]. 

SPL^iiter  ^  -  26  dB  •  SPL^^Cgr  (re  20  uPa)  [2] 

U.S.  Navy  Instruction  [OPNAVINST  5100. 23B,  18103a. (4)]  (4)  defines 
hazardous  noise  as  sound  pressure  in  air  in  excesa  of  140  dB  (re  20  uFa). 
Therefore,  in  order  to  convert  SPL  in  water  (SPlvetar  '*  uPa)  to  an 
equivalent  sound  pressure  level  in  air  (SPL^ji-  re  20  ui'a),  one  muet  correct 
for  the  density  of  water  (p)  and  velocity  of  sound  (c)  in  order  to  calculate 
the  impedance  of  water  (Z)  based  on  equations  [3]  and  [4]. 


SPL.ir  (re  20  uPa)  -  (SPLv«ter)^/Z 

To  correct  for  the  impedance  difference  in  water  and  air,  use  equation 
[5]  below  which  aubtracta  35  dB  from  SPLy^t-^j.  to  give  SPL^^f  (3,  19). 

SPLvater  -  35  dB  -  SPL.^r  (re  20  uPa)  [5] 

IhuB,  175  dB  (re  20  uPa)  in-water  equals  140  dB  (re  20  uPa)  in-alr. 
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In  a  recent  study  using  an  impulse  noise  producing  undetvater  tool 
that  operates  uaing  a  gim~povder  actuated  mechanisin,  185.4  dB  (rt  20  uPa)  vas 
recorded  at  the  divero'  head  (3).  Based  on  equation  [5]  above,  this  is 
equivalent  to  150.4  dB  in -air  (re  20  uPa)  which  is  10.^  dB  above  the  hazardous 
limit  of  140  dB  set  fortli  by  U.3.  navy  Instruction  (4).  However,  despite  as 
many  as  40  conaecutlve  shots  fired  underwater,  no  aco”8tlc  damage  to  divers' 
hearing  was  demonstrated.  Based  on  these  findings,  manned  testing  initially 
began  at  a  safe  distance  producing  175  dB  underwater,  which  was  equivalent  to 
the  current  140  dB  in~air  hazardous  exposure  limit.  The  A.R.D.  was  then  moved 
closer,  by  increments  of  3  dB,  until  a  level  of  185.4  dB  underwater  was 
reached,  matching  the  exposure  found  safe  to  divers  in  the  recent  underwater 
tool  project  (3). 

By  initial  unmanned  firing  of  the  A.R.D.  at  Im  (3.3  ft),  producing 
nearly  204  dB  (re  20  uPa),  the  distance  to  produce  175  dB  was  found  to  be  25m 
(82.0  ft).  However,  due  to  size  limitations  of  the  test  pond,  we  could  only 
conduct  unmanned  and  manned  testing  out  to  19m  (62.3  ft)  which  was  both 
calculated  ^nd  observed  to  give  177  dB  of  SPL.  Therefore,  our  first  manned 
exposures  were  done  at  this  distance.  After  determining  that  the  frequency  of 
the  A.R.D.  was  primarily  in  the  200-300  Hz  range,  we  anew  that  the  A.R.D. 
would  not  be  damaging  to  the  lungs  of  divers.  From  animal  research  (12)  the 
natural  oscillation  frequency  of  lung  tissue  is  about  50  Hz,  which  is  far 
enough  below  the  200-300  Hz  frequency  of  the  A.R.D. 

The  criteria  for  safety  of  an  unprotacted  swimmer  exposed  to  an 
underwater  blast  takes  into  account  both  SPL  In  psi  and  duration  In  msac. 

These  guidelines  state  that  exposure  to  impulse  noise  must  be  less  than  or 
equal  to  2  psiemaec  and  the  peak  over  pressure  must  be  less  than  or  equal  to  a 
SPL  of  )00  pal  (5,  6).  It  is  also  helieved  that  *n  tmproterted  swinmer  could 
possibly  tolerate  up  to  10  pal»msec,  but  animal  research  has  demonstrated 
minor  small  blood  vessel  da.aage  (petechial  hemo.*rhage)  in  the  lungs  and 
gastro-lntestinal  tract  (6).  These  injuries  were  not  considered  life 
threatening  in  the  research  animals  and  were  determined  to  be  acceptable  minor 
injuries  to  divers  under  some  operational  conditions  (6).  However,  for  our 
study,  2  pslamsec  was  used  as  the  maximum  exposure  for  our  divers. 

To  convert  a  SPL  in  dB  to  units  of  psi,  the  following  equation,  #6,  la 
used  according  to  Zimmerman  and  Lavlne,  1955  (13). 

psi  -  Antilog  [(SPL  re  20  uPa  +  26)/20]  x  1.45  x  lO'^O  [6] 

The  literature  describing  the  positive  deflection  of  the  impulse  known 
as  the  A  Impulse  explains  how  the  areti  under  the  A  Impulse  waveform  can  be 
approximated  using  Friedlander  equation  [7]  below  (17,  18). 

[Pressure  (PSI)  x  Duration  of  A  Impulse  (msec) ] /exponent  e  or  2.718  " 

Impulse  (PSiamsec)  [7] 

With  a  SPL  of  185.5  dB  equal  to  5.44  PSI  based  on  equation  (6)  and  a 
typical  duration  of  an  A.R.D.  impulse  o'  1  msec,  the  impulse  calculates  to  be 
2  PSiamsec  based  on  equation  [7]. 


Bais«4  or  oi^-'  unmanned  tnating,  the  iKpiU.ee  et  7m  (22.9  ft)  vhich 
leetei  1.0  n^ec  produced  185.5  <1B.  This  ia  alao  nearly  the  value  for  the 
recently  evaluated  underwater,  gun-powder  actuated  tool  which  produced  185.4 
dB.  This  level  of  liq;>ul8e  noiae  waa  alao  proven  not  to  cauae  any  acouatic 
daaage  to  five  diver-aubjecta  (3).  Therefore,  the  minimum  diatance  the 
diver-aubjecta  were  allowed  to  be  from  the  A.R.D.  waa  calculated  to  be  7n 
(22.9  ft),  equivalent  to  2  palemaec. 

C.  Audiouetric  Evaluation 

Bach  diver-aubject'a  baaeline  audiogram  waa  determined  by  averaging  14 
Qudiograma  done  before  commencing  any  ejqtoaurea  to  the  A.R.D.  Aa  defined  by 
U.S.  Pfavy  inatruction  (4),  a  aignlficant  temporary  threahold  ahift  (TTS)  waa 
defined  aa  a  change  of  15  dB  from  the  peraona  baaeline  audiogram.  Thia  level 
cf  aignificance  waa  followed  for  the  preaent  atudy. 

Audiog.:ama  were  performed  in  a  portable  audiogram  booth  with  a 
certified  audiomctric  technician  uaing  an  automated  micrcproceiiaor  audiogram 
machine  (Tracer  Corp.,  Auatin,  IX).  The  audiogram  booth  waa  aound  teated  in 
ita  location  of  uae  aM  found  to  be  within  apeclflcationa  for  conducting 
audiograaui  in  accordance  with  American  Sational  Standarda  Inatitute  (ANSI) 
atandard  S3. 6-1969  and  Naval  Medical  Command  Inatruction  (NAVHF.DC0II1RST 
6260.5). 


All  aubjeeta  were  inatructed  not  to  uae  muaic  headphonea,  or  be  around 
loud  machinery  or  noiay  public  placea  during  the  atudy.  Prior  to  each  dive, 
the  aubjeeta  were  aaked  if  they  had  any  aymptoma  of  difficulty  hearing, 
tinnltua  or  any  ezpoaure  to  loud  noiae.  The  tympanic  membranea  were 


1  mm  me  a#! 


The  diver  waa  expoaed  to  three  A.R.D. a  in  rapid  aucceaeion,  which  ia 
the  moat  expected  in  a  typical  diver  recall  meaaage.  Following  the  poat-dive 
audiogram  which  waa  within  3  mina  of  ex^oaure  to  the  A.R.D.,  the  aubject  waa 
aaked  if  he  had  any  aenaationa  of  fullneaa  iu  the  eara,  tinnitua,  diztineaa, 
pain  in  the  eara  or  any  rotational  movement  or  aziy  cheat  or  abdominal 
diacomfort  of  the  eyea  foil  .wing  the  three  A.R.D. a  fired.  Follow-up 
audlograma  were  made  at  two  houra  following  completion  of  the  d  ve  due  to  the 
reported  delaya  in  the  TTS  aeen  following  impulae  noiae  expoaure  (14  and 
Appendix  6  of  15). 


Standard  U.S.  Navy  diving  procedurea,  according  to  the  U.S.  Navy 
Diving  Manual,  1985  (9),  were  followed  with  the  dlver-aubject  tethered  to  a 
surface  tender.  A  fully  dreaaed  atandny  diver  topalde 'Waa  immediately 
available  in  ct  '  of  emergency.  All  personnel  received  training  in  the  use  of 
the  A.R.D.  Tb';  tollowlng  emergency  procedurea  were  rshearaed;  injured  diver 
with  mechanical,  injury,  unconscious  diver  on  the  surface  and  xmderwater, 
topside  abort,  diver  abort,  and  A.R.D.  misfire  (10). 
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Communications  with  the  diver  was  with  line  pull  signals.  Prior  to 
the  firing  of  the  A.R.D.s,  the  recording  gear  was  turned  on  and  the  diver  was 
notified  that  the  A.R.D.  would  be  ignited.  The  diver  was  in  the  vertical 
position  and  faced  the  A.R.D. 

If  there  was  any  post-exposure  audiogram  showing  a  ITS  above  20-25  dB, 
repeat  audiograms  were  to  be  done  a  indicated  by  the  Tent  Director.  No  diver 
was  allowed  to  be  exposed  to  an  A.R.D.  imless  his  audiogram  returned  to  within 
5  dB  of  his  baseline,  control  audiogram.  Manned  testing  was  approved  by  the 
diver-subject  Human  Experimentation  Committee  at  NCSC. 

D.  Off-Shore  Evaluation  of  Maximum  Distance  to  Hear  A.R.D.  Underwater 

Simultaneously,  all  five  diver-subjects  held  onto  the  descent  line  so 
that  their  heads  were  ac  a  depth  of  3m  (10  ft)  in  an  open  ocean  area  that  was 
9.14m  (30  ft)  deep.  To  produce  the  noisiest  and  most  acoustically  muffled 
situation  at  sea,  each  diver  wore  a  wet  suit  hood  and  breathed  from 
open-circuit  SCUBA.  One  A.R.D.  was  exploded  in  the  water,  without  warning  to 
the  diver-subjects,  by  igniting  the  fuse  and  immediately  dropping  it  overboard 
according  to  the  manufacturer's  Instructions.  The  distance  started  at  91.4m 
(loo  yds)  and  was  progressively  increased  by  91.4m  (100  yds)  increments  to 
914. 4ro  (1000  yds).  Thereafter,  45.7m  (50  yds)  Increments  were  used  to  a 
maximum  distance  of  1188.7m  (1300  yds).  Tnere  were  no  distracting  noises  from 
harbor  traffic  or  heavy  machinery.  No  audiograms  were  needed  during  this 
phase  of  the  project. 

E.  Determination  of  Shrapnel  Risk  from  the  A.R.D. 

(1)  Dry  Land  Testing 

The  A.R.D.  was  positlcned  horizontally  two  feet  off  the  ground 
using  a  2"  x  4"  soft  pine  wooden  board  to  hold  only  the  handle  of  the  A.R.D. 
This  allowed  nearly  a  full  360*  exposure  for  shrapnel  to  be  discharged,  A 
circular  perimeter  of  heavy  gauge  plastic  (visqueer ,  0.006  inches  thick) 
supported  by  2"  x  4"  boards  surrounded  the  A.R.D.  by  approximately  a  four  foot 
radius.  This  acted  to  document  any  shrapnel  pieces  exploding  from  the  A.R.D. 

A  100  yd  long  lanyard  allowed  the  A.R.D.  to  be  fired  from  a  safe  distance. 

The  explosive  end  of  the  A.R.D.  is  capped  by  a  thickness  of  0.8 
cm  of  hardened  glue  and  cardboard.  To  doctsnent  whether  this  piece  acts  as  a 
bullet,  shooting  straight  out  the  A.R.D.,  the  A.R.D.  was  fired  over  a  pond. 
This  was  to  safely  witness  the  end  cap  landing  on  the  calm  waters  of  the 
pond.  The  A.R.D.  was  positioned  at  the  pond's  edge  at  a  45*  angle  and 
surrounded  by  sandbags  allowing  only  the  end  cap  to  act  as  shrapnel.  Even 
though  this  sandbagging  acted  to  tamp  the  A.R.D.,  it  was  felt  to  be  the  safest 
and  most  reliable  way  to  test  for  end  cap  shrapnel. 


(2)  UlM^«rwmt«r  TMtlng 

Siocfl  high  Telocity  ahrepnel  ney  lujure  e  cearby  d£7et»  the 
A.E.D.  erne  tested  nnderTeter.  A  plastic  bucket  vas  sulamerged  undervater  and 
an  A.S.D.  vss  suspended  In  the  center  of  the  bucket  After  igniting  the  fuse. 
Hm  haekst  than  re-exaalned  for  erldTnee  of  iabedded  shrapnel.  Previouu 
dry  land  tsstlns  of  one  nnlighted  A.A.D.  taped  to  an  ignited  A.E.D. 
dsaonatrstad  to  S8VC  that  there  la  no  sympathetic  ignition  risk  (2).  Hovever, 
this  has  not  bean  «tone  nndexvatcr.  We  therefore  taped  two  A.E.D.s  together 
and  after  igniting  only  c.a  fuse  threw  beth  into  the  voter.  If  tbe  second 
A.E.D.  did  not  explode  sympathetically  it  vas  intended  to  attempt  to  Ignite  it 
after  iauersion  nndsrvcter  for  another  30  sec. 

It  is  also  possible  that  lamersion  of  an  A.E.D.  will  flood  the 
fuse  asaehbly  and  prevent  it  frosi  being  Ignited.  A.E.D.s  were  therefore 
pre- immersed  for  tvo  min  before  attempting  to  Ignite  the  fuse. 

All  dry  land  and  undervater  testing  vas  rigorously  controlled  for 
safety.  An  SOD  reprssentatlTe  nuperrised  all  tasting,  using  standard  SOD 
procedures  and  VHP  radio  communications. 

JII.|2SCliZ& 

A.  Pre-dire  Audiometric  Evaluation 

Tabls  1  demonstrates  hearing  vithin  the  normal  range  of  seneitiTlty 
according  to  Ward,  1963  (6). 

table  1 

A1IDI0GEAN  AT  4  kBs  (dB) 


Post-'Fatiguer 


Subject 

Pre-Fat iguer 

1  Min 

(Change) 

5  Min 

(Change) 

T.K. 

40 

64 

(24) 

54 

(14) 

H.6. 

36 

55 

(19) 

50 

(14) 

S.P. 

30 

47 

•  (17) 

40 

(10) 

S.S. 

30 

46 

(16) 

40 

(10) 

J.H. 

34 

55 

(21) 

48 

(14) 

Mean  ±  S.D. 

34.0  ±  4.2 

53.4  ±  7.3 

(19.4±3.2) 

46.4  ±  6.2 

(12.4±2.2) 

Results  of  Fatiguer  Stimulation  Test.  Stimulus  vas  100  dB  at  3  kHz 
for  5  min  In  the  left  ear,  subjects.  Pre-  and  post-fatlguer 
hearing  thresholds  were  measured  at  4  kHz  with  post-fatlguer  hearing 
threshold  measured  at  1  and  5  min.  Comparison  of  pre  and  post-fatlguer 
hearing  thresholds  shown  as  (change).  Mean  ±  S.O. 
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Ip  Table  2,  the  baseline  audiograms  for  all  five  divers  are  shown. 


TABLE  2.  Baseline  audiograms  for  Left  and  Elsht  ears  fcr  each  of  five  e:q>erlBental  subjects; 

mean  ±  SD  and  rounded  value  (dB)  rounded  to  Increments  of  5  dB  in  parentheses,  n>lA  audioErams. 


B.  UniMiinsd  A.S.D.  Braliiaclon 


Table  3  illuatratea  tmaauned  teatioa  SFL  valuea: 


Diatanea  (■) 

1.0 

7.0 

9.4 
10.0 
13.0 
19.0 

C.  Naanad  A.I.D.  Bralaatlou 
Table  4  llluatratsa  Banned 

Diatance  (a) 

7.0 

3.5 
12.0 
17.0 
19.0 


TABLE  3 

SPL  (re  20  uPalAS.D...(n  Yalna) 

203.8  a  1.63,  (n-9) 

185.5  ±  0.75,  (n-5) 

183.3  a  1.54,  (n-4) 

182.0  a  1.21,  (n-8) 

179.2  a  0.51,  (n»3) 

175.5  a  0.95,  (n«3) 

teatins  SPL  yaluea. 

TABLE  4 

SPL  (re  20  uPa)aS.D..(n  value) 

186.2  a  1.79,  (n-8) 

184.4  a  1.S4,  (n-7) 

180.8  a  1.36,  (n»7) 

177.2  a  1.34,  (n-5) 

177.2  a  1.21,  (n-lO) 


The  FIT  aualyala  of  the  A.R.D.  poaltive  vavefom  iapulae  denouatrated 
a  relatively  broad  band  of  nolae  Tfith  the  aajor  SPL  frequenciea  between 
200-300  hz.  If  both  the  poaltive  and  the  following  anall  negative  waveforms 
are  both  analyzed,  the  overall  peak  SlrL  frequenciea  are  clustered  around  170 
Hz. 


These  frequenc'ea  would  be  expected  to  produce  a  TTS  on  the  audiogram 
approxlBately  1/2  octave  higher  which  would  be  demonstrated  at  the  500  Hz 
level  on  the  audiogram.  However,  we  never  deBonatrated  any  significant  TTS  as 
close  es  7b  (22.9  ft)  In  any  of  the  five  diver-subjects  either  Immediately 
after  A.R.D.  exposure  or  two  hours  later.  All  aubjecta  described  the  186.2  dB 
peak  SPL  at  7b  (22.9  ft)  as  very  loud,  frequently  causing  an  involuntary 
contraction  of  their  anal  sphincter  Buscles.  Also,  their  eyes  would  blink  and 
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their  face  Basht  would  be  compresaed  aharply  on  their  face.  There  was  no 
xmcoafortable  aenaationa  in  the  chest,  similar  to  wh«t  has  been  described  with 
■uch  lower  frequency  TIIT  explosions  underwater.  Ho  divers  had  any  fullness, 
tinnitus  or  pain  in  thalr  ears,  nor  did  they  have  any  gastrointestinal 
synptoas.  The  ctological  exaa  of  the  tympanic  membrane  was  also  normal  for 
all  subjects  following  exposure  to  the  A.R.D.s. 

D.  Off-Sho’e  Kvaluation  of  Haxistum  Distance  to  Hear  the  A.S.D. 

Wearing  wet  suit  hoods,  all  five  divers  reproducibly  heard  the  A.R.D.s 
to  a  distance  of  1006m  (1100  yds).  A  few  divers  could  reproducibly  hear  the 
A.B.D.  as  far  as  1143b  (1250  yds). 

Overall,  235  A.R.D.s  were  tested  with  no  misfires  or  improperly 
functioning  fuses. 

B.  Shrapnel  Risk  Evaluation 


In  surface  testing  of  the  A.R.D.,  extensive  shrapnel  fragmentation 
from  the  cardboard  and  plastic  housing  occurred  nearly  360*  around  the  A.R.D. 
Sand  and  lead  shot  primarily  exploded  laterally  and  behind  the  A.R.D.  as 
predicted.  All  fragments  including  sand  and  lead  shot  easily  penetrated  the 
heavy  plastic  perimeter  and  were  found  imbedded  into  the  soft  pine  2"  x  4” 
posts.  Pieces  of  cardboard  and  hot  melt  glue  were  found  up  to  5fB  (164  ft) 
away.  The  solid  glue  and  cardboard  end  cap  was  propelled  straight  out  the 
A.R.D. ,  curving  off  to  either  side,  landing  as  far  away  as  50  to  60b  (164  to 
197  ft).  Underwater  tests  demonstrated  pieces  of  the  A.R.D.  housing  and  a 
metal  fragment  embedded  into  the  tom  plastic  of  the  underwater  bucket. 
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heavily  damaged.  Despite  significant  damage,  though,  the  second  A.R.D.  was 
able  to  be  ignited  using  the  fuse  even  though  it  was  left  underwater  up  to  two 
min  after  the  first  detonation.  After  pre-soaking  four  A.R.D.s  underwater  for 
two  min  only  two  of  them  coulu  uc  l«nited  and  exploded. 


IV.  Discussion 

This  study  empirically  demonstrated  that  man  can  tolerate  three  rapid 
Impulses,  each  up  to  186.2  dB  (re  20  uPa)  in-water  without  any  evidence  of 
hearing  damage.  This  reconfirsw  our  earlier  study  demonstrating  no  effect  on 
hearing  from  underwater  exposure  to  1G5.4  dB  (re  20  uPa)  in-vat er  from  an 
underwater  tool  (3).  Thj  conversion  of  186.2  dB  In-vater  in  this  study  to  an 
equivalent  value  of  151.2  dB  in-air  is  valid  and  represents  11.2  dB  above  the 
current  safe  exposure  limit  to  impulse  noise  in-alr  (4).  However,  still  very 
little  is  known  about  the  mechanism(s)  of  underwater  hearing  in  man.  In  a 
recent  review  of  underwater  hearing  in  man  (16),  Smith  very  thoroughly 
reviewed  the  current  theories  of  underwater  hearing  including  both  the  bone 
conduction  and  tympanic  membrane  pathways  of  hearing.  However,  further 
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rMMrch  Is  nssds4  to  undsrstsnd  \sidenrstsr  hasrinf  bafora  piradlctlTa  Bodallnt 
esa  holp  to  dotaralna  ssfa  axpostira  Halts  bsssd  not  onl^  tipoL  SPL  and  inpulsa 
dttrstloa^  bat  also  ths  fsaquanciss  of  tmdanratar  nolaa  that  nay  bo  aoat 
hamfhl  to  MB's  haarlnc. 

Ths  A.K.D.  bIbIbob  safs  dlstanea  was  prodstaiBlnad  to  ba  7b  (22.9  ft)  by 
both  ufisimsd  testing  and  current  fitandards  for  exposure  to  an  undervatar 
blast  (5,  i)  and  also  Tsrlflad  Bsdlcally  safs  by  auumad  testing.  The  reliable 
BsxlauB  distance  for  all  five  dlTer-subJects  to  reproduclbly  hear  the  A.K.D. 

In  open  voter  of  appraxlMtely  10b  (32.8  ft)  depth  In  the  absence  of  any 
distracting  harbor  noises  vas  detersdned  to  be  1006a  (1100  yds).  Hoverer,  the 
shrspnel  risk  of  this  device  on  the  surface  and  potentially  undervatar  to  the 
nearby  diver  la  very  severe.  The  aacunt  of  explosives  can  probably  bo  reduced 
and  the  Mterlals  be  relocated  to  nova  any  potential  shrapnel  away  froa  the 
explosive  to  greatly  laprove  the  safety  of  this  recall  device.  An  air 
containing  resonator  near  the  explosive  section  siBilar  to  the  Canadian 
Thunderflash  diver  recall  device  could  renove  the  lead  ballast  avay  froa  the 
explorlve  charge. 

It  certainly  Is  possible  that  aoaeone  vlll  drop  a  lighted  A.K.D.  vhlla 
on-board  a  rolling  Inflatable  boat  or  alschlovously  toss  an  A.K.D.  near 
aoaeone  on  the  surface,  resulting  In  deaage  to  the  boat  or  severe  Injuries  to 
peraonnal.  Therefore,  based  on  the  results  of  this  study,  this  A.K.D.  vas 
detemlned  to  be  hasardous. 

One  potentially  serious  theoretical  risk  not  addressed  Is  ths  affect  of 
such  a  strong  lapulsc  on  a  diver  decosq^reaslng  or  near  ths  no^decoapresslon 
Halts.  The  pressure  vave  traveling  through  the  diver’s  tlcsuas  aay 
precipitate  decoapresslon  sickness  by  coalescing  asyaptoaiatlc  aaall  bubbles 
into  larger  bubbles  or  even  nucleating  new  bubble  foraatlon  by  cavitation  of 
super  saturated  tissues.  Presently,  do  research  exists  to  support  or  refute 
this  serious  possibility. 

V.  flaa  LDSIOW 

The  A.K.D.  vas  deaonstrated  not  to  cause  any  ucoiistic,  pulaonary  or 
gastrointestinal  daMge  to  divers  as  close  as  7b  (22.9  ft)  froa  this 
undervatar  explosion.  Severe  shrapnel  risk  exists  asking  this  recall  device 
very  hasardous.  A  short  period  of  vater  laaerslon  vlll  render  soae  A.K.D. 's 
unusable.  Changes  which  could  japrove  the  safety  of  this  device  Include 
reducing  the  aaount  of  explosive,  and  aovlng  the  explosive  section  farther 
froa  potentia]  shrapnel,  possibly  by  using  an  air  containing  resonator  section 
between  the  explosive  and  the  ballast. 
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